Before fertilization, a spherical egg undergoes symmetry breaking processes, such as polarity formation and sperm entry, by interacting with the external environment. These predevelopmental processes initiate inhomogeneity in the arrangement of internal materials of the egg, as it enters the developmental process. During this early development, this internal inhomogeneity is responsible for outlining the overall body plan. 1 In the formation of body axes, the left-right laterality is particularly delicate, as it relates to the pre-determined anteriorposterior and dorsal-ventral axes. 2 Intrinsically chiral cellular objects can determine this matter, [2] [3] [4] especially when they are associated with a reference membrane. 3 The acto-myosin system has been related to chiral behavior at the whole cell-level. [5] [6] [7] Similar to actin, microtubules (MTs) are cytoskeletal chiral proteins, [8] [9] [10] [11] [12] [13] [14] responsible for intracellular dynamics. 1 While their involvement in the chiral torsion of the Xenopus egg is still obscure, 5 recent genetic studies suggest an intrinsic role of MTs in the left-right laterality determination, 15 which may be quite universal invivo. [16] [17] However, no direct evidence has yet been found for large-scale chirality emerging from a system of MTs, driven by kinesin motor proteins. Here we present in-vitro fluorescence microscopy studies of an active layer of MTs and kinesin motor proteins displaying the intriguing emergence of chirality over the entire observed area in the millimeter range.
Furthermore, we show that computational models point to spontaneous curvature and local alignment as the reason for the emerging global chirality. This study elucidates the role of MTs in cellular processes accompanied by macroscopic chirality and supports the emergence of the left-right laterality. Compared to acto-myosin-based mechanisms, the MT-kinesin chirality emerges from the directional motility and the molecular handedness only and therefore may be more fundamental, as it does not require special configurations of multiple proteins. 6 Such simplicity facilitates quantitative studies, as well as modeling of the protein-originated chiral development.
RESULTS AND DISCUSSION
Quasi-two-dimensional active layers, consisting of MTs and quantum dot-assisted cross-linked kinesin motors (CLKMs), were formed on opposing surfaces of a glass-based flow cell upon sequential introduction of these proteins (details in Materials and Methods). Figure 1a shows the schematic setup, including the definition of normal and clockwise, on both surfaces. The protein density of the active layer was enhanced by repeated protein injections (Fig. 1b) . At the lowest density, we find well-isolated, loosely coupled MTs and typical kinesin activity ( Fig. 1b top row) .
Increasing protein density produces a bundled, mesh-like MT network which then evolves with time in a complex manner (Fig. 1b middle and bottom rows) . We altered the MT network morphology with methyl cellulose (MC), which allows observation of the kinesin-driven collective behavior of MTs. 18 With increased MC concentration, MTs display wavy bundles aligned along a predominant orientation, as observed previously. 18 This MT alignment persists while the MTs maintain kinesin-driven sliding-like movements, thus generating 'active' aligned bundles ( We then estimate the coherency (degree of alignment) of the MT orientation over a squareshaped region of interest (ROI), 19 using OrientationJ 20 (ImageJ plug-in, https://imagej.nih.gov/ij/, Materials and Methods). Figure 2c shows the coherency becoming less sensitive with increasing area of the ROI and increasing with MC concentration (additional discussion in Materials and Methods), clearly indicating, that the MTs' long-range alignment is stabilized by MC. Surprisingly, this 'active' nematic order extends across the entire cell chamber and is only locally disturbed by defects, such as air bubbles (Figure 2d) . The long-range order appears independent of the system size tested (channel width: 1.0 mm ~ 1.8 mm).
The surprising core observation of this work is apparent in the raw data of Figure 2 : the global orientation of the active layer rotates with time. Figure 3a shows normalized histograms of local orientations of MTs evolving with time, for four different MC concentrations (Materials and Methods). Initially, the peaks are closely aligned with the flow channel axis, due to the sequential injection of proteins. In the absence of MC, this initial alignment disperses too fast for further quantification (Fig. 3a , far left panel). This dispersion slows down in the presence of MC, allowing the observation of the global rotation with time (Fig. 3a, remaining panels) . The variance (Fig. 3d ) is decreasing and maintained longer with increasing MC concentration, implying that MC helps the active layer sustain directional order. The global rotation of the active MT layer does not involve any rotation center but is characterized as a self-generated 'shear-like' deformation in a nematic phase. Gliding MTs globally rotate the layer by synchronically rotating locally in the entire device, as long as the MTs are aligned, regardless of their individual polar-orientation (i.e. gliding direction). The most remarkable finding is the universally counterclockwise rotation direction with respect to the surface normal (Fig. 2b) . Note that the mean orientation development in Figure 3 also indicates aligned objects globally rotating 'counterclockwise'. Consistent with that, all MT layers formed on a 'top' glass surface show 'clockwise' rotation in the CCD images (Fig. 2a bottom panels and, e.g., Supplementary Movies 2), the 'inverse' of the actual rotation direction (Fig. 1a) . Moreover, we observe the chiral rotation of gliding MTs even around the bubble defects. This unidirectional lamellar rotation is direct evidence of large-scale broken symmetry, revealed by the quasi-two-dimensional selfdriven many-body dynamics of chiral proteins, entering into a specific structural phase of aligned wavy bundles. The MC dependent rotation of the mean orientation (Fig. 3b) is reproduced in Figure 3c by numerical simulations described in the next section.
In order to clarify the mechanism of the emergence of global chirality, we have developed a theoretical model and performed numerical simulations, outlined in the Materials and Methods.
The model consists of motile filaments, each of which has bending rigidity and spontaneous curvature which gives rise to rotation of isolated filaments with a preferential direction. The collective behavior of the filaments appears from the interplay between these properties of single filaments and their interactions. We consider two generic types of interactions, which principally align two filaments during a collision: steric excluded volume interactions and alignment interactions ( Supplementary Fig. 1 ). The alignment interaction literally aligns the polarity of two nearby monomers (Eq.(10) in Materials and Methods). The steric interaction also results in alignment due to Onsager's mechanism 21 (Supplementary Fig. 1 ) and has been considered as a major source of alignment for active filaments. Hereafter, we shall discuss that this does actually not occur in the present system. While the steric interaction results in inhomogeneous density bands, even in the nematic state (Fig. 4(a) ), the alignment interaction shows uniform global polar order (Fig. 4(b) ), as seen in our experiments. This suggests that the interactions between microtubules in our experiments are dominated by alignment interactions and not by steric interactions. In fact, we have observed in the experiments that two filaments cross each other over a broad range of incident angles ( Supplementary Fig. 2 ). The inhomogeneous density is understood by motility-induced phase separation which occurs due to the coupling of active self-propulsion and the excluded volume effect. 22, 23 The alignment interaction without the excluded volume interaction does not exhibit phase separation and density inhomogeneity.
We have observed global nematic rotation only for the alignment interactions (Fig. 4(c, d) Fig. 3(a) ). Spontaneous curvature is necessary to obtain global rotation.
Nevertheless, too large a spontaneous curvature eliminates the global nematic order ( Supplementary Fig. 3(b) ).
Does the large scale chirality arise intrinsically from gliding MTs or from an extrinsic factor like the added constituent MC? Analyzing the motion of individual MTs on a CLKM-coated surface (Materials and Methods), we find the mean gliding speed (~ 0.5 µm) of MTs to be independent of the MC concentration (Fig. 4e) , while the mean angular velocity systematically decreases from about 0.3 degree/sec to below 0.05 degree/sec with increasing MC concentration (Fig. 4f) . Importantly, the mean rotational direction is counterclockwise, consistent with our prior finding. This symmetry-broken angular velocity increases with decreasing MC concentration, is even present in the absence of MC, and is therefore caused by an intrinsic property of gliding MTs. This biased gliding of MTs then results in the chiral rotation upon emergence of global alignment, implying the necessity of intrinsic curvature for global rotation.
Varying the tubulin polymerization condition alters the number of protofilaments, which in turn changes handedness of the MT 'supertwist'. These results point to the biased rotation arising from structural characteristics of MTs at an even more fundamental level, i.e. the MTs' left-handed lattice. The global tilt of protofilaments with respect to the MT axis preserves this left-handed nature of MTs, even if a lattice mismatch occurs along a 'seam' due to any change of the number of protofilaments. 26 Thus, the basal handedness of MTs can produce an asymmetric twisting rigidity. Throughout all multicellular species, cytoskeletal filaments, paired functionally with motor proteins, are categorized into only two kinds, MTs and actin-filaments. Given this universality, collective movement of these motility constituents may be the most fundamental aspect of the cell to transfer inherited cellular-level 'behavioral' information, that drives the robust growth of living organisms. Cytoskeletal proteins may have built their own structural signaling mechanism governed by intrinsic geometrical codes of these proteins [2] [3] [4] or by the fundamental concept of percolation . 28 In light of this, it is enticing that the morphological progression of our in-vitro MT network is reminiscent of that of cortical MTs during the early development of the fertilized Xenopus egg, including aligned wavy bundles. 29, 30 A relation of the cortical rotation process to the emergence of the orderly cortical MT arrangement, known to be critical for body axis formation, has been suggested: [31] [32] [33] Aligned MT layers are associated with molecular motors, such as kinesin and dynein, either anchored on the cortex wall or coupled to MTs within the MT layer. These motor proteins interact with MTs, producing a force to move the MT layer, which in turn generates a global rotation of the cortex of the egg relative to its core. Interestingly, this yet speculative scenario resembles our in-vitro protein configuration in quite some detail. A similar MT arrangement, accompanied by a cortical rotation-like process, was recently identified in Zebrafish eggs as well, 34 suggesting that it is a dynamic phase, common in early development.
Moreover, cellular-level rotation of aligned membranous MTs seems to be prevalent across kingdoms of life. [35] [36] [37] The clear identification of the intriguing MT dynamics, including the MTs' wavy arrangement, provides promising insights into the yet unknown mechanisms of cellular chirality.
CONCLUSIONS
Various in-vitro cellular mimetic studies have been performed upon reconstitution of the cytoskeletal protein motility systems. The in-vitro approach has allowed the study of active many-body systems, revealing the emergence of various dynamic patterns, [38] [39] [40] [41] directly relevant to cellular processes. [42] [43] [44] [45] [46] Emphasizing potential connections to cellular systems, we have found new features emerging from collective protein dynamics in a system of MTs and kinesin motor proteins. Increasing system complexity gives rise to a unique dynamic structural phase, active MT bundles aligned in a wavy pattern, reminiscent of the morphology of what has transiently been observed in Xenopus eggs. This directional order is extremely long range, covering our entire experimental system size (millimeters), and is thus comparable to the egg size.
Surprisingly, this emerging macroscopic order unveils a hidden broken symmetry, a 'counterclockwise' unitary rotation of the large scale active nematic layer. Analysis of the gliding dynamics of isolated MTs reveals an intrinsically biased counterclockwise angular velocity. Our theoretical model suggests that bending rigidity, spontaneous curvature and interactions between filaments control the global collective behavior. In-vivo, these parameters are controlled by MC but also by other tubulin-related proteins and drug treatments, leading to different local molecular structures. Therefore our novel finding provides a generic recipe for controlling large-scale chirality in cells and explains the hierarchical emergence of the global order of a scaled up MT system from the molecular-level dynamics, including the robust handedness, protected by the collective behavior. In addition, local alignment interactions result in global nematic rotation, which is not seen for steric interactions, raising questions about several inconsistent claims in the literature.
MATERIALS AND METHODS

Proteins
Commercial tubulin proteins were polymerized into MTs in a standard polymerization buffer (PEM buffer (80 mM PIPES (P6757, Sigma-Aldrich), 1 mM EGTA (E0396, Sigma-Aldrich), 1 mM MgCl2 (M8266, Sigma-Aldrich), pH 6.9 (NaOH controlled)) with 1 mM of GTP and glycerol at 6 % (v/v)) 47 at 37 °C for 1 hr at a ratio of 7:3 of unlabeled tubulin (T240, Cytoskeleton) to rhodamine labeled tubulin (TL590M, Cytoskeleton). 48 Kinesin motor proteins were expressed in Escherichia coli following a standard protocol. 49 In this study, we used the expression plasmid of a Neurospora crassa truncated kinesin heavy chain (400 residues), 50 extended with the additional functional domain for biotin attachment, followed by the hexahistidin-tag. The overall procedure for the kinesin expression is described in depth elsewhere. Three different repetitions of MT solution injection, single, double and triple, were performed in this study (see Fig. 1b ).
MC-induced aligned active layer
Assay protocol for the aligned active layer is essentially the same as described above for the active network formation, except for the MT density 2-fold increased (final tubulin concentration:
2.26 μM) and the inclusion of MC in the motility solution. The two additional steps for protein density enhancement described above were repeated twice (i.e. triple injection of MT solution).
The final concentration of MC (M0512, viscosity: 4000cp, Sigma-Aldrich) in the motility solution to achieve the dynamic alignment of the MT-CLKM layer in Figure 2 (except panel c) was 0.34 % wt. In general, we monitored the bottom glass surface for 10 min, and then switched the focal plane to the top glass surface for another 10 min monitoring, and repeated this sequential (bottom surface-top surface) monitoring process for a total time of 40 ~ 60 min for each assay.
Dilution of visible MTs
To decrease 'visible' MTs, keeping the overall MT density at the similar level, we polymerized two tubulin stocks. One was the same labeled tubulin (stock concentration 5 mg/ml) as mentioned above (including 30% of rhodamine labeled tubulin) and the other one was fully unlabeled tubulin (stock concentration 5 mg/ml). These two different MT solutions (i.e. after polymerization) were then mixed at a ratio of 1:25 ~ 1:130, thus controlling the degree of separation between visible (labeled) MTs. ). We calculated the mean coherency for each ROI by taking the average over the multiple data for each of the six different areas (except for the case of 512 × 512, which has only one data point), and plotted it as a function of the area. Seven different time frames were chosen for this analysis, covering the whole period of time from zero to 10 min with an interval of 100 sec. Supplementary Fig. 4(c, d) shows the measured coherency for the two different MC concentrations, which vary with the area of ROI and with time.
Coherency measurement
Analysis of orientation evolution
To estimate temporal mean orientations of the active layers, we first selected seven different time frames, as in the previous case (from zero to 10 min with an interval of 100 sec), and constructed histograms of local orientations for each MT fluorescence image. This was done by using where θmean is the mean orientation obtained from the Guassian curve fitting to the orientation histogram and P(θi ) is the count corresponding to the angle θi .
Analysis of MT dynamics at the individual-level
To analyze the dynamic properties of individual MTs gliding on a CLKM-coated surface, MT gliding assays (the case of single introduction of MT solution: see the assay protocol described above) were performed with diluted MT concentration (tubulin concentration: 9 ~ 46 nM).
Positions of MTs, evolving with time, were extracted by applying an automatized particle tracking program (TOAST, imageJ plug-in) 51 to fluorescence microscope time-lapse movie data as the origin of the image frame was set at the top-left corner, and x and y increases rightward and downward, respectively. In the first trial of this analysis, one assay was performed for each MC concentration, and three different regions for each surface (in the sequence of bottom-topbottom-top-bottom-top) were observed within each assay. In this trial, we found MT gliding speeds gradually decreasing with time ( Supplementary Fig. 6a ). This may indicate the interaction between MTs and CLKMs becomes more nonspecific losing their binding with time. In the second trial, we thus increased the numbers of assays to three while observing two different regions for each surface (in the sequence of bottom-top-bottom-top). We performed this second trial only for two cases, MC0 and MC30. Supplementary Fig. 6(b,c) show the results from the second trial.
Orientation and angular velocity correlation
Correlation functions were computed using the position data produced by TOAST. The orientation (moving direction) correlation function was defined as Supplementary Fig. 7(a,b) shows the correlation functions for four different MC concentrations, the first trial which was analyzed for Fig. 4 and Supplementary Fig. 6a . Supplementary Fig. 7(c,d) shows the correlation functions and exponentially decaying curves fitting the OCFs (orientation correlation functions) with a correlation time,  , for the case of the second trial, which was analyzed for Supplementary Fig. 6(b,c) .
Dynamics of MTs polymerized under exotic conditions
Collective dynamics: We performed assays following the above mentioned protocol to see the active layer formation and the collective dynamics, using MTs polymerized in various atypical Interestingly, in the case of GMPCPP induced MTs, trajectories of gliding MTs were very straight compare to those from other cases. The GMPCPP-MTs display very slow rotation of the MT layer, yet the rotation direction is still counterclockwise. This slow rotation may reflect the enhanced MT rigidity with GMPCPP buffer. 53 Alternatively, the GMPCPP buffer may decrease the intrinsic curvature of MTs, as pointed out in the modeling analysis (see Supplementary Fig. 3b ). Individual MT dynamics: Gliding dynamics of isolated MTs was analyzed for several selected cases using TOAST following the same procedure described before.
MT gliding assays were performed with highly diluted MT solution (see above Assay protocol and Analysis of MT dynamics at the individual-level). Resulting mean angular velocities are described in Supplementary Fig. 8 for each case with detailed information about the polymerization conditions. Three different cases were chosen for the relaxation time analysis.
Like before, we first computed correlation functions (Supplementary Fig. 9(a,b) ) and then obtained relaxation times by exponential curve fitting ( Supplementary Fig. 9(c-e) ). Mean MT gliding speeds are also plotted in Supplementary Fig. 9f indicating no noticeable dependence on the polymerization condition.
Modeling
We consider a simplified model of microtubule dynamics. The two-dimensional model consists of N filaments of identical length 2aM , where each filament consists of M circular monomers with radius a . The density of the filaments,  , is defined by
, where the box size of the system is denoted by L under periodic boundary conditions. The filament has bending rigidity  and a spontaneous curvature
, so that it forms a curved conformation. The signed spontaneous curvature arises from confinement of a polymer with spontaneous curvature and helical twist in three dimensions onto a two-dimensional surface 54, 55 and sets the radius of curvature of the conformation and its sign determines the preferential direction, left ( 0 0   ) or right ( 0 0   ). Motility, driven by kinesin motors, is modelled by spontaneous velocity along the local orientation of a filament. Under fluctuations, an isolated filament changes its orientation and, as a result, changes its moving direction. When the bending rigidity is high, the filament prefers a straight shape, so that it moves almost along a straight path for a short time. Therefore, the orientational correlation time is affected by the bending rigidity.
Each filament is modelled by M beads connected by a spring (the beads-spring model) and the position, ( ) i t x , and orientation,   ( ) cos ( ),sin ( ) Fig. 9f ).
The interactions between monomers are modelled by steric repulsion (Eq. (9)) and alignment (Eq. (10) 
where n is the number of particles within a distance 2a from the center of mass of the ith particle. 
where r  is the relaxation time. Supplementary Fig. 7 (a,c) (see also Supplementary Fig. 9a) shows that this time scale is fast ( 5 sec, the resolution limit of our analysis), and therefore, the inertia of the rotation is negligible. We also neglect the inertia term in translational motion in Fig. 10 ). This is quantified in the nematic order parameter This is demonstrated by a disorder-nematic phase transition of passive nematic liquid crystals under repulsive interaction between rod-like liquid crystalline molecules. 61 We may also define a mean angle of the system from the argument of a complexvalue representation of mean orientation as follows:
We measured the mean angular velocity by linear fitting of  as a function of time. M.U. and W.T. directed the research. All authors reviewed the paper.
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